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Abstract

Application of polynuclear metal clusters for phasing X-ray crystal structures of macromolecules is discussed. Their strong
isomorphous and anomalous scattering signal is particularly useful for phasing structures of large macromolecules and com-
plexes, especially at low resolution. The popularity of the metal clusters in macromolecular crystallography is expected to grow
in the future. To cite this article: Z. Dauter. C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

L’application des clusters métalliques polynucléaires a la résolution du probléme de la phase rencontrée lors des résolutions
structurales de macromolécules par diffraction des rayons X est discutée. Leur important facteur de diffusion isomorphe et
anomale est particulierement utile pour résoudre la phase des structures de grosses macromolécules et de complexes, en parti-
culier a basse résolution. L’impact de la mise en ceuvre des clusters métalliques dans la cristallographie des macromolécules
devrait augmenter dans le futur. Pour citer cet article : Z. Dauter. C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction nitrogen, and oxygen atoms building up the biopoly-
mers. This signal may be provided by the large number

Solution of novel macromolecular structures is usu- of scattering electrons, as is the case in the single or
ally done by a variation of the heavy-atom method, uti- multip]e isomorphous rep]acement (SIR or MIR) meth-
lizing the X-ray scattering properties of a small num- ods, by the anomalous diffraction contribution of cer-
ber of heavier atoms, whose scattering signal stands tain atoms in the single- or multi-wavelength anoma-
out from the contribution of the bulk of lighter carbon, lous diffraction (SAD or MAD) techniques, or by a

combination of both (SIRAS, MIRAS: single or mul-
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tiple isomorphous replacement with anomalous scat-
tering) [1,2].

In the SIR or MIR approach, it is advantageous to
use the heaviest atoms possible, and the most popular
derivatization reagents contain elements from the last
rows of the periodic table, such as Pt, Au, Hg, and U,
often in the form of complex ions, such as, for example,
PtCl,*", Au(CN),~, Hgl,*", and UO,**. Native protein
crystals can be either soaked in solutions containing
these compounds, or they can be present in the crystal-
lization liquor. In the MIR method, the differences
between reflection amplitudes measured from the
derivatized and the native crystals are used first to locate
the heavy atoms and then to estimate the protein phases,
leading to the initial, hopefully interpretable, electron
density map.

The MAD approach makes use of the anomalous
scattering properties of selected atoms, which change
abruptly if the wavelength of X-rays is varied in the
vicinity of the X-ray absorption edge of these atoms.
In this method, the native diffraction data are not nec-
essary, since all data are measured from one crystal,
usually at three wavelengths, corresponding to the peak,
edge, and remote point of the X-ray absorption (or fluo-
rescence) curve. The SAD method is based on the data
measured at only one wavelength and relies exclu-
sively on the Bijvoet differences between the intensi-
ties of the centrosymmetrically related reflections.

The contribution of the heavy atoms to the total dif-
fraction signal can be estimated from the following for-
mula [3]:

<AF>/<F>=(2xN,/N,)"* x (f,/6.7)

In this formula, AF is the isomorphous |Fy — Fyl
difference; fy; is the atomic scattering factor of the heavy
atom; and Ny and Np are the number of the heavy and
all-protein atoms in the crystal structure, respectively.
A similar formula applies to the anomalous signal [4],
and the expected average Bijvoet ratio is:

<AF*>I<F> = (2 x N,/N,) "> x (f'16.7)

where N, is the number of anomalous scatterers char-
acterized by the atomic anomalous scattering contribu-
tion of f".

One fully occupied mercury atom with 80 electrons
and f" value of about 10 electron units near its absorp-
tion edge may provide the following signals:

in lysozyme with MW = 13.3 kDa
<AF*°>/<F>=53% <AF™>/<F>=6.6%

in ribosome with MW = 2.3 MDa
<AF*°>/<F>=4% <AF">/<F>=0.5%

In practice, the diffraction intensities are measured
with the accuracy not better than a few percent, and the
weak heavy-atom signal can easily be lost in the noise.
Clearly, it is advantageous to have several heavy-atom
sites for phasing structures of larger proteins.

One of the ways to incorporate into protein crystals
multiple heavy-atom sites is to utilize clusters consist-
ing of several metal atoms bound together and provid-
ing a large number of scattering electrons, possibly with
a significant anomalous diffraction signal.

Several proteins, mainly among those involved in
the redox or electron transfer pathways, contain natu-
ral multi-atom clusters of such transition metals as Fe,
Ni, Cu, Mn, Mo [5]. These intrinsic clusters may con-
tain some inorganic ions, for example sulfides, cya-
nides, carbon monoxide or water, and are coordinated
by sulfhydryl groups of cysteine (mainly Fe) or imida-
zole groups of histidine (mainly Cu). Classic examples
of simple metalloproteines are ferreedoxins and high-
potential iron proteins (HIPIPs), containing iron—
sulfur clusters of various types [6]: digonal [Fe,S,], tet-
rahedral [Fe,S,] or pseudo-tetrahedral [Fe;S,].
Trinuclear copper centers exist in ceruloplasmins and
laccases [7]. The nitrogenase complex contains three
different types of metal clusters, including the unusual
molybdenum—iron—sulfur coenzyme [8,9]. The intrin-
sic metals can be conveniently used for phasing crystal
structures of such proteins, based on their anomalous
scattering properties.

2. Diffraction properties of metal clusters

The use of metal clusters offers a simple way of
introducing to protein crystals multiple heavy-atom
sites, thereby enhancing the achievable phasing signal.
However, the phasing effect of metal clusters does not
simply correspond to the accumulation of the contribu-
tions of individual metal atoms. At low resolution, when
the individual metal positions are not resolved, the
whole cluster acts as a ‘superatom’, whose diffraction
contribution corresponds to the sum of the total num-
ber of (anomalous) electrons within the cluster. Since
the reflection intensities are proportional to the square
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Fig. 1. Resolution dependence of the scattering contribution of the
TagBr,, cluster (Ta6, blue) and of the six randomly positioned Ta
atoms (6Ta, red) as well as the analogous dependence for the Fe,S,
cluster (Fe4, blue) and four isolated Fe atoms (4Fe, red).

of the number of the scattering electrons, the cluster
consisting of N atoms of Z electrons each provides, at
low resolution, a contribution proportional to (N Z)z,
which is higher by N than N (Z)?, delivered by N indi-
vidual scatterers.

Fig. 1 illustrates the contributions estimated for the
octahedral Ta, and the tetrahedral Fe, clusters at vari-
ous resolution ranges and Fig. 2 shows the anomalous
difference Fourier synthesis calculated for the Ta, clus-
ter at high, medium and low resolution. At low resolu-
tion, when the clusters act as superatoms, they signifi-
cantly enhance the scattering signal, up to the expected
factor of (V)2 at the zero diffraction angle. However,
at the intermediate resolution, in the range extending
between one and two inter-metal distances, the diffrac-
tion contribution of the cluster is smaller than that of
the sum of the individual scatterers. When the diffrac-
tion data resolution exceeds the inter-metal distance and
the individual sites become resolved, their signal
increases again [10]. The use of metal clusters, is there-
fore, beneficial at low as well as at high resolution, but
is not very helpful at the intermediate resolution range.

3. Chemical requirements

To be successfully used for phasing macromolecu-
lar crystal structures, metal clusters should fulfill cer-
tain criteria. They have to be stable in aqueous solu-
tions that, beyond the protein itself, often contain

Fig. 2. The stereo view of the TagBr,, cluster located near the sur-
face of the molecule of glucose isomerase [10] with superimposed
anomalous difference Fourier map (at 1 level) calculated at (a) 1.3-A,
(b)3.5-A, and (c) 5.0-A resolution. At high resolution, the individual
atoms of tantalum are resolved, at 3.5 A the orientation of the cluster
can still be deduced, but at 5.0 A resolution the whole group of six
tantalum atoms behaves as a spherical superatom.

various inorganic and organic additives used as stabi-
lizers, buffering agents, or precipitants. Crystallization
liquors may contain simple salts, most frequently
ammonium sulfate, sodium or lithium chloride, potas-
sium phosphate, or sodium formate. The organic pre-
cipitants are often polyols or their oligomers, such as
polyethylene glycol, 2-methyl-2,4-pentanediol, vari-
ous sugars, or glycerol. Buffers used for maintaining
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the pH value range from simple salts based on, for
example, phosphates or acetates, to such organic com-
pounds as TRIS (tris-(hydroxymethyl)-aminomethane),
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid), ADA (N-(2-acetamido)iminodiacetic
acid). Some proteins are crystallized in the presence of
small amounts of such additives as dioxane, isopro-
panol, or (especially membrane proteins) amphiphilic
detergents. The variation of crystallization conditions
is enormous, since different proteins require a specific
content of the mother liquor for a successful crystal
growth and their stable survival. The reagents used for
heavy-atom derivatization should not actively interfere
chemically with other compounds present in the crys-
tallization liquid.

Several cluster compounds, to a large extent fulfill-
ing the above criteria, have been applied for phasing
protein crystal structures, Table 1. The idea of using a
metal cluster for this purpose was first suggested in the
early 1960s by Linus Pauling. He established the three-
dimensional structures of the octahedral clusters of nio-
bium and tantalum NbgCl,,** Ta,Cl,,>* [11] and
proposed that they could be used to produce the iso-
morphous derivative crystals of the hen egg-white
lysozyme. However, this attempt was not successful
[12], and the crystal structure of lysozyme was solved
a little later [13,14] in the laboratory of David Phillips
by using simpler heavy-atom reagents.

Since they provide systems of very high electron
density, heavy metal clusters are routinely used as con-
trasting agents in cryo-electron microscopy [15].

Table 1
Examples of cluster compounds used in macromolecular crystallo-

graphy

Symbol Formula Ref
TAMM  C(HgOCOCH,), [52]
PIP [(en)PtI,Pt(en)]*~ (18]
en = NH,CH,CH,NH,
TaBr TagBr,>* [43-45]
Aull [Au;(CN);(PAr3)4(PAr'3)] [53,54]
Ir4 Ir,(CO)4(PA )5 (PA,A") [34]
WI1IRh  [PW,,0,0{Rh,(CH,C0O0),}1> [35]
WI8As  [(AsWy0;3),(SnPh),] [35]
wi2 [PW 150,401* [55,56]
Wil [PW,,050]"" [38]
W12Si [SiW,0,,1% (38]
W17 [P,W ;041" [38]
wis8 [P,W 50651 [57,58]
W30 [NaPsW,,0, 01" [59]

4. Examples of the use of clusters for phasing

Because of their high phasing power at low resolu-
tion, the polynuclear metal clusters often have been used
for solving crystal structures of large proteins or their
multicomponent complexes. Fig. 3 illustrates the three
most popular clusters used for that purpose.

The nucleosome core particle with 206 kDa in the
asymmetric unit was solved [16] using two cluster com-
pounds, TAMM (tetrakis(acetoxymercuri)methane
[17]), and PIP (di-p-iodobis(ethylenediamine)-di-
platinum nitrate [18]). TAMM was used in solving the
photosynthetic reaction center [19], the idiotype—anti-
idiotype complex [20], and the glutathione S-transferase
[21].

TAMM and PIP do not have direct metal-metal
bonds, and therefore, are not strictly polynuclear clus-
ter compounds, but their properties and practical use
are similar to the proper polynuclear metal clusters.

Fig. 3. The stereo illustrations of the most popular clusters used for
phasing protein crystal structures. (a) TagBr,, cluster of O, sym-
metry, where the diameter of the regular octahedron of tantalum atoms
is about 4.1 A. (b) Aull cluster of C;, symmetry, where the green
ligands represent the cyano (or halide) groups and the yellow ligands
represent the tri-arylphosphine groups. The diameter of the gold cage
is about 5.3 A. (¢) W12 cluster of T, symmetry with the diameter of
the skewed cuboctahedron of the tungsten atoms is about 7.3 A.
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Table 2

Structures solved using the TagBr,,>* cluster as one of the derivatives
Structure PDB MW in ASU Resol. of Ref.

Code (kDa) phases (A)

Transketolase INGS 150 5.5/2.5 [60]
Proteasome 1PMA 700 7.0/3.4 [61]
GTP cyclohydrolase I 1GTP 510 6.0/3.0 [62]
Dimethyl sulfoxide reductase 1DMS 90 2.2/1.9 [63]
L-Fucose isomerase 1FUI 390 6.0/2.5 [64]
Yeast RNA polymerase 11 11Q3 514 4.5/3.1 [65,66]
Conjugative coupling protein 1E9R 50 4.5/2.4 [67]
Tricorn protease 1K32 720 4.2/2.0 [68]
v-Complex of polymerase III 1JR3 200 3.5/2.7 [69]
L-Rhamnulose-1-phosphate aldolase 1GT7 600 6.0/2.7 [70]
Chromosome maintenance complex 1LTL 190 5.5/3.1 [71]
Furin 1P9J 440 4.0/2.6 [72]
Photosystem II from 7. vulcanus 11IZL 640 5.5/3.7 [73]
Photosystem II from 7. elongatus 1S5L 640 3.8/3.5 [74]

A number of metal clusters played important roles
in solving the structures of various ribosome particles.
The Yonath group [22,23] tried many clusters in their
work on the 50S particles of 1.5 MDa molecular weight
[24-28], as well as for phasing the small 30S subunit
of 850 kDa [29,30]. Some of them had specially
designed ligand functions (maleimide or aminoethyl
groups) for covalent binding to cysteine sulfhydryls in
proteins (e.g. Aull or Ir4 clusters [31-34]).

The Steitz group utilized the TaBr, W11Rh, and
W18As clusters to successfully phase the structure of
the large 50S ribosomal subunit at low resolution
[35,36], as well as single-metal reagents at higher reso-
lution of 2.4 A [37].

The small 30S ribosomal subunit of 850 kDa was
phased in the Ramakrishnan laboratory with the use of
the TaBr, W12Si, and W17 clusters [38] at low resolu-
tion, and the phases were extended to 3 A with the help
of the single-metal compounds [39,40].

In the structure elucidation of the complete 70S ribo-
some particles with a molecular weight of about
2.5 MDa by the Cate group [41], soaks in many cluster
compounds tended to degrade the diffraction proper-
ties of the crystals, but the TaBr cluster proved useful
in extending the initial cryo-EM phases, which were
further extended by the use of the single-metal osmium
and iridium derivatives [42].

The TaBr cluster has been used to solve many other
protein crystal structures, and its usefulness has been
chiefly promoted in the laboratories of Robert Huber
in Munich [43,44] and of Gunther Schneider in Upp-

sala and Stockholm [45]. Table 2 gives examples of the
structures solved with TaBr, which is the most widely
used cluster compound and which can be synthesized
in many different ways [46-51].

5. Conclusions

Solving novel crystal structures of macromolecules
always involves the use of heavy atoms that serve as
markers for the initial phasing through their isomor-
phous or anomalous scattering signal. Their signal has
to stand out from the background of the scattering of
all other lighter atoms (C, N, O, H) present in the bio-
logical material. For large systems it may be not enough
to use simple heavy-atom derivatization reagents; how-
ever, polynuclear metal clusters are ideally suited for
this purpose, since they provide a strongly enhanced
phasing signal, particularly at low resolution. The cur-
rent advances in molecular biology make it possible to
isolate, purify, and crystallize large biological com-
plexes, having a molecular weight of several megadal-
tons, and the usage of various cluster compounds in
macromolecular crystallography is expected to increase
in the future.
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